The replacement of all 22 completely conserved glycine residues in the large subunit of ribulose bisphosphate carboxylase/oxygenase from Anacystis nidulans by directed mutagenesis is described. In each β/α barrel of the large subunit there are 12 completely conserved glycines in six of eight loops at the C-termini of eight β-strands and four in loops at N-terminal ends of the β-strands. Two completely conserved glycines are also in each β/α barrel backbone and four more are in a large N-terminal portion preceding the barrel in a given L subunit. Substitution of glycines in loops that are C-terminal to β-strands by proline was more deleterious to carboxylase activity than that by alanine supporting the postulates that these loops contribute to catalysis and substrate binding and that in some cases the glycines may serve as hinges enabling movement of the loops. In contrast, substitution of glycines at the N-terminal ends of β-strands in the β/α barrel more often led to failure to detect L subunits or their assembly into L 8 S 8 complex. Substitution of these and the other conserved glycines by proline was more deleterious to carboxylase activity than by alanine in enzymes that assembled. Keywords: glycine/proline/alanine/rubisco/hinging/β/α barrel Introduction Ribulose bisphosphate carboxylase/oxygenase (rubisco) is probably the most abundant protein in the world (Ellis, 1979) . As a dual function enzyme, it catalyzes initiating steps in both photosynthesis and photorespiration, two opposing processes that result either in CO 2 fixation or, enigmatically, the production of CO 2 (for review see Harpel and Hartman, 1994) . Intensive research has been directed at the elucidation of the carboxylase and oxygenase activities to determine whether rubisco can be obtained by mutagenesis with an enhanced efficiency ratio of carboxylase:oxygenase . Introduction into plants of altered genes that confer this increased efficiency ratio on rubisco may lead to faster growing plants (see, for example, McFadden and Daniell, 1988).
Introduction
Ribulose bisphosphate carboxylase/oxygenase (rubisco) is probably the most abundant protein in the world (Ellis, 1979) . As a dual function enzyme, it catalyzes initiating steps in both photosynthesis and photorespiration, two opposing processes that result either in CO 2 fixation or, enigmatically, the production of CO 2 (for review see Harpel and Hartman, 1994) . Intensive research has been directed at the elucidation of the carboxylase and oxygenase activities to determine whether rubisco can be obtained by mutagenesis with an enhanced efficiency ratio of carboxylase:oxygenase . Introduction into plants of altered genes that confer this increased efficiency ratio on rubisco may lead to faster growing plants (see, for example, McFadden and Daniell, 1988) .
A rational improvement in the molecular design of rubisco will, however, require considerably more information about the structure of this important catalyst. Two limiting quaternary structures of rubisco have been observed in Nature. One, discovered in the photosynthetic bacterium, Rhodospirillum rubrum, comprises two large (L) 52-kDa subunits whereas the more common form found in other bacteria and plants consists of eight L and eight small (S) 14-kDa subunits (McFadden, 1980; Harpel and Hartman, 1994) . Because L and S subunit genes for higher plant rubisco have not been cloned and hyperexpressed as the L 8 S 8 enzyme, the very similar enzyme from the cyanobacterium Anacystis nidulans has served as an excellent model for the higher plant enzyme in studies of directed mutagenesis McFadden, 1991,1994; Lee and McFadden, 1992; Lee et al., 1993) .
In recent years the crystal structures for L 8 S 8 rubisco from spinach (Knight et al., 1990) and A.nidulans (Newman and Gutteridge, 1993) and for the L 2 enzyme from R.rubrum (Schneider et al., 1990a) , all complexed with the tightly bound bisubstrate analog 2-carboxyarabinitol 1,5-bisphosphate (CABP), have been described. The structures of L subunits are very similar. Two catalytic sites are shared by two adjacent L subunits with no direct contributions to the active site domains from S subunits. Each catalytic site comprises limited contributions from the N-terminal sequence of one L subunit and major contributions from the C-terminal sequence of the adjacent L subunit. The latter stretches from residues 139 or 151 to the C-termini which are 466 or 475 in rubisco from R.rubrum or spinach, respectively. The large C-terminal domain has a parallel eight-stranded β/α barrel structure as discovered in triosephosphate isomerase and found in at least 16 other enzymes (for review see Farber and Petsko, 1990) . This motif consists of eight consecutive βα segments with all β-strands oriented towards the C-terminus and packed to form a barrel surrounded by eight α-helices. Eight loops protrude from one end of the barrel and connect the C-termini of the β-strands to the N-termini of the α-helixes. These loops are termed Cterminal loops in rubisco and the loops on the opposite end of a barrel connecting the C-terminal end of a given α-helix to the N-terminal end of a β-strand are termed N-terminal loops. A majority of residues involved in catalysis and substrate binding are found in the C-terminal loops which are numbered 1 through 8 (Knight et al., 1990) . N-terminal loops seem to be involved in subunit interactions in the L 8 S 8 enzyme from spinach (Knight et al., 1990) and Anacystis nidulans 6301, also designated Synechococcus PCC6301 (Newman and Gutteridge, 1993) .
In the CABP-complexes N-terminal loops 1, 2 and 8 in the β/α barrel of the C-terminal domain in the L 2 dimer from R.rubrum are significantly displaced in terms of C α positions from those in the two L 8 S 8 enzymes from spinach and A.nidulans (Schneider et al., 1990b) . Otherwise, the L subunit structures in the three complexes are similar.
Ribulose bisphosphate carboxylase/oxygenase is activated to catalytically competent enzyme by carbamylation of lys201 by CO 2 in the higher plant enzyme. The active state binds CABP a bisubstrate analog and profound inhibitor . The side chain γ-carbon of leu335 in Cterminal loop 6 in the β/α barrel moves 11 Å with respect to the α-carbon of ser379, a residue in the active site (Lee and McFadden, 1992) in β-strand 7, when the tobacco enzyme is carbamylated and binds CABP (Lee et al., 1993) . Other comparisons also support the opening and closing of loop 6 like a lid over the β/α barrel upon deactivation and activation (Knight et al., 1990) . β-Sheets in the β/α barrel of one L subunit in spinach rubisco are shown in (a) and for the S subunit in (b). In part (a) β-sheets are numbered counter-clockwise and the arrow is in the direction of N-to C-terminus. C-terminal loops emerge from the arrowhead and terminate in the following helix numbered identically as the preceding β-sheet. N-terminal loops connect the helix to the subsequently numbered β-sheet. For other labeling of (a) and (b) see table 6 (Knight et al., 1990). with CABP binding, respectively (Brandén et al., 1991) , or opening the lid before release of two molecules of the product, 3-phosphoglycerate (Taylor and Andersson, 1997) . Alternatively, there may be closure of the barrel by lateral movement of C-terminal loop 6 upon CABP binding by the A.nidulans enzyme. In a closed configuration, the bisubstrate analog CABP is completely buried by loop 6 and mobile elements comprising the C-terminus and residues 122-130 of the adjacent L subunit (Newman and Gutteridge, 1993) . Although C-terminal loops 1, 2 and 5-8 contribute to the active site domain of rubisco, except for loop 6, nothing is known about their movement during carbamylation and/or CABP binding.
In analyzing the sequences of 16 aligned L subunits of rubisco, 12 conserved glycines have been noted in C-terminal loops 1 and 4-8 of the β/α barrel of rubisco with bound CABP. Four conserved glycines are present in N-terminal loops in the β/α barrel of the L subunit, two are in the β/α barrel backbone and four more are in a large N-terminal portion. Reasoning that most conserved glycyl residues are in C-terminal loops that contribute to the active site domain and may provide flexibility in these loops, in the present study each of the 12 conserved glycines in these loops has been altered by directed mutagenesis to alanine or proline in the L subunit of A.nidulans rubisco. Four conserved glycines in Nterminal loops have also changed. Each of the six other glycyl residues has been similarly changed and the consequences of all substitutions examined in terms of L subunit expression and assembly and carboxylase activity of rubisco.
Materials and methods

Alignment of sequences
Sixteen different L subunit sequences of rubisco from divergent organisms were aligned by using the PILEUP programs (Devereux et al., 1984) of the Genetics Computer Group Sequence analysis software package available at the Visualization, Analysis and Design in the Molecular Sciences (VADMS) Center at Washington State University. The PILEUP program uses a simplified version of a progressive pairwise alignment algorithm to determine the consensus and identity among given sequences (Feng et al., 1985) . Sequences are available through the Protein Data Base (www.ncbi.nlm.nih.gov) available from the National Center for Biotechnology Information. Bacterial strains and plasmids BMH78-18 mut S strain of Escherichia coli for all expression and mutagenesis was supplied by Clonetech Laboratories, Inc., Palo Alto, CA. The plasmid pCS88 is a pUC19 derivative containing a 2.1-kb PstI fragment from the Anacystis nidulans 6301 chromosome with tandemly oriented L and S subunit coding regions separated by 93 base-pairs and was constructed as described (McFadden and Small, 1988) .
Restriction enzyme digestion and agarose gel electrophoresis
Restriction enzymes were used in standard buffer systems provided by enzyme suppliers. Agarose gel electrophoresis of DNA samples was performed on a 1% agarose gel in TBE buffer (Maniatis et al., 1989) .
Synthesis of deoxyoligonucleotides
Deoxyoligonucleotides for sequencing or mutagenesis were synthesized (Sinha et al., 1984) in our department using an Applied Biosystems 380B DNA Synthesizer, treated with NH 4 OH to remove the protective groups at 55°C for 20 min, precipitated with ethanol and then estimated by absorbance at 260 nm. Phosphorylation of the mutant deoxyoligonucleotides was performed by incubation with ATP and T 4 polynucleotide kinase (Mannheim Boehringer) in a volume of 20 µl for 60 min at 37°C. Directed mutagenesis of double-stranded DNA Protocols and reagents were supplied in kit form by Clonetech Laboratories, Inc., Palo Alto, CA. The selection primer is designed to eliminate a unique SspI restriction endonuclease site and replace it with an EcoRV site. Rapid denaturation of pCS88 in presence of mutagenic and selection deoxyoligonucleotides was followed by primer extension using T 4 DNA polymerase and T 4 DNA ligase. Synthesis/ligation mixtures were subjected to SspI digestion and used to transform E.coli BMH78-18 mut S. Plasmid preparations from these cells were subjected to SspI digestion again and then used to transform E.coli (Diehl and McFadden, 1993) . Following confirmation of the desired base substitution, the transformed E.coli was used for expression of rubisco protein.
DNA sequencing
Sequencing reactions to probe for desired mutations were performed on double-stranded plasmid DNA purified from putative clones by a standard alkaline lysis protocol provided with the Wizard mini-preps kit from Promega Co., Madison, WI. The Sanger dideoxy chain-termination method (Sanger et al., 1977) was employed using sequence version 2.0 and reagents supplied by US Biochemical Corporation (Cleveland, OH).
Plasmid expression
Starter cell cultures of E.coli harboring pCS88 or the mutant plasmids were used to inoculate media (1% tryptone, 0.5% yeast extract and 1% NaCl) containing 100 µg/ml ampicillin. After 4 h of growth at 37°C with shaking, isopropyl thiogalactoside was added to a concentration of 1 mM and growth was allowed to continue for an additional 9 h. Purification of rubisco Following growth, rubisco was highly purified from cells by sucrose density gradient centrifugation essentially as described 459 by Haining and McFadden (1991) . Cells expressing mutant and wild-type carboxylases were harvested by centrifugation, washed with HEBMM buffer (50 mM HEPPS, 0.1 mM EDTA, 1 mM NaHCO 3 , 1 MgCl 2 and 1 mM β-mercaptoethanol, pH 8.11 at 21°C) and repelleted by centrifugation. Cells were broken by sonic disruption. A cell-free extract was prepared by centrifugation of the broken cells for 30 min at 17 500 g (supernatant is crude enzyme). Following the precipitation of proteins within the cell-free extract with 40% (NH 4 ) 2 SO 4 and subsequent centrifugation for 10 min at 10 000 g, the resulting pellets were resuspended in HEBMM buffer and dialyzed against the same buffer. Dialysates were loaded onto a 0.2-0.8 M linear sucrose gradient made with HEBMM buffer and then subjected to 2.22 h of centrifugation in a Beckman VTi50 rotor at 50 000 r.p.m. Fractions containing the highest carboxylase activities or protein peaks corresponding to them were collected. Carboxylase assay Carboxylase activity was measured after 10 min activation essentially by the method of Lee and McFadden (1992) which is based upon the RuBP-dependent incorporation of 14 CO 2 supplied as HC 14 O 3 -into the acid-stable product 3-phospho-D-glycerate. Reaction times were 30 s; considerable prior research had established that the rate is constant and enzymedependent in this 30-s interval. Protein concentrations were determined (Bradford, 1976) using the Bio-Rad dye reagent with bovine serum albumin as a standard. 
Western blot analysis
The proteins were analyzed after expression and purification as described on gels polymerized from 10% acrylamide containing 0.1% SDS by gel electrophoresis (SDS-PAGE) at room temperature for 2-3 h at 75 mA or on gels polymerized from 10% acrylamide by electrophoresis at 4°C for 5-6 h at 75 mA.
The separated proteins on the gels were transferred electrophoretically onto a nitrocellulose membrane (0.45 µM; BioRad) at 4°C overnight at 75 mA.
Transferred proteins were blocked for 90 min at 37°C in TSM containing 8 mM Tris-HCl (pH 7.5 at 21°C), 250 mM NaCl and 45% (w/v) milk powder, washed with water and then incubated for 1 h at room temperature with monospecific antiserum (1:1000 dilution in TSM) raised in rabbits against rubisco L subunits from Chromatium vinosum (McFadden et al., 1989) . The blot was washed 3 times with TSM ϩ 0.05% (w/v) Tween-20 and incubated at room temperature for 1 h with goat anti-rabbit immunoglobulin G/alkaline phosphatase conjugate (1:1000 dilution, Sigma) in TSM solution.
The immunoreactive proteins were visualized in alkaline phosphatase assay buffer [100 mM Tris-HCl (pH 9.5, 21°C), 100 mM NaCl, 5 mM MgCl 2 ] using nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate as chromogenic substrates (Smeda et al., 1993) .
Results
Ribbon diagrams of L and S subunits of spinach rubisco are shown in Figure 1 . In a recent alignment of S subunit amino acid sequences in rubisco from 21 sources, including eight sources of L subunits shown in Figure 2 , no conserved glycyl residues were found. In contrast, in an alignment of L subunit sequences from 16 autotrophic species, including two non-green algae, two green algae, six higher plants, five cyanobacteria and the anoxygenic photosynthetic bacterium Rhodospirillum rubrum (Figure 2 ), 22 completely conserved glycine residues were noted. Twelve of these were in loops connecting the C-terminal end of β-sheets 1 and 4-8 with α-helices in the β/α barrel in spinach rubisco L subunits ( Figure  1 , Table I ). In particular two or more conserved glycyl residues each were found at or near the beginning and end of loops 6 and 8; one or a pair was found near the beginning or end of loops 1, 4, 5 and 7. Thus glycines in loops 6 and 8 are ideally situated to act as hinges (Table I) . Four conserved glycines were noted in loops connecting the N-terminal ends of β-sheets to α-helices of the β/α barrel and two more were in a β-strand or an α-helix of the barrel (Figure 1 , Table I ). Only four were located in the N-terminal stretch (residue 1-170) before the β/α barrel (Table I) . Thus conserved glycyl residues are considerably enriched (18 of 22) in the β/α barrel of this enzyme. Noting the preponderance of 12 conserved glycine residues in 6 of 8 loops at the C-termini of β-strands and the known high conformational freedom of these residues (Brändén and Tooze, 1991) , we had hypothesized previously that those loop glycines in rubisco may serve as hinges imparting considerable flexibility to the loops. Other glycines might then have different functions, such as has been proposed for loops connecting N-termini of β-sheets with α-helices in the β/α barrel of rubisco including contributions to assembly of L subunits into the L 8 S 8 enzyme commonly found in Nature (Knight et al., 1990) . Table I . Conserved glycines in structural elements of the L subunit of spinach rubisco (Knight et al., (1990) 
Residues
Structural elements G47, 122, 150, 166 N-terminal portion (residues 1-168) preceding β/α barrel (residues 172-433) G171 β sheet 1 (residues 169-171) in β/α barrel G146 α-helix 8 in β/α barrel Loop at C-terminus of β sheet of the same number in β/α barrel (C-terminal loop): G179 1 (172-181) G273 4 (269-273) G308 5 (295-310) G329, 333, 337 6 (328-338) G380, 381 7 (380-386) G403, 404, 405, 408 8 (401-408) Loops connecting the N-terminus of β-sheets with α-helices in the β/α barrel (N-terminal loops): G196, 322, 361, 395
Loop 1, 5 (sheet-like), 6, 7, respectively Fig. 3 . SDS-PAGE Western blot analysis of loop 6 and 7 glycines substituted by proline or alanine. Lane 1, G329A; 2, G329P; 3, G333A; 4, G333P; 5, G337A; 6, G337P; 7, G380A; 8, G380P; 9, G381A; 10, G381P; 11, wild-type (wt); 12, purified rubisco. Throughout the present article, the glycine residue actually studied in the A.nidulans L subunit is three less than designated for the spinach L subunit, i.e., G329A was actually G326A.
To test this hypothesis, all 12 conserved glycines in the L subunit loops that are C-terminal to β-strands and four that are N-terminal were replaced by directed mutagenesis with alanine, a neutral substitution which might have partially preserved the postulated hinge function, or by proline, a substitution which should have imparted considerable rigidity to each loop (Brändén and Tooze, 1991) . For comparison, all six other conserved glycines were substituted in the same way. In all, 44 substitutions of glycine by alanine or proline were studied. Research was conducted on rubisco from Anacystis nidulans 6301 because of ease of expression of the L-S gene tandem in E.coli, ease of assembly into active L 8 S 8 enzyme, and ease of mutagenesis studies (McFadden and Small, 1988; Haining and McFadden, 1990; Lee and McFadden, 1992) . The crystal structure for the A.nidulans enzyme is very similar to that for the spinach enzyme (Newman and Gutteridge, 1993) . Thus A.nidulans rubisco is an extremely good model for the higher plant enzyme. In fact, for convenience, in the present studies, the sequence residue numbering in the L subunit is that for the spinach enzyme (Figures 2-6 , Table I-III) so that mutagenesis in the A.nidulans L subunit is directly referred to the spinach enzyme.
Because the substitutions by mutagenesis may have resulted in changes of detection of the product of the L subunit gene and assembly of the oligomeric enzyme in E.coli, each mutant was examined for yield of L subunits and assembly into L 8 S 8 enzyme concordantly with measurement of RuBP carboxylase Fig. 4 . Representative SDS-PAGE Western blot analysis of some glycines other than those in loops at C-terminal ends of β-strands that were substituted by proline or alanine. Lane 1, G47A; 2, G47P; 3, G122A; 4, G122P; 5, G150A; 6, G150P; 7, G166A; 8, G166P; 9, G196A; 10, G196P; 11, wt; 12, purified rubisco. Figure 2 ). Lane 1, G329A; 2, G329P; 3, G333A; 4, G333P; 5, G337A; 6, G337P; 7, G380A; 8, G380P; 9, G381A; 10, G381P; 11, wt; 12, purified rubisco. activity (Tables II and III) . For substitutions of glycines in loops 6 and 7 that are C-terminal to β-strands 6 and 7, and for substitutions of other selected glycines, results of L-subunit detection in E.coli are shown in Figures 3 and 4 , respectively. Of six substitutions of G329, G333, G337 in loop 6 by Ala and Pro, all mutant L subunits were detected by Western blotting except for G329P; of four in loop 7 (G380 and 381) replaced by Ala and Pro, only L subunits for G380P were not expressed (Figure 2 ). In the series of substitutions of other glycines (G47, 122, 150, 166 and 196) by Ala and Pro represented in Figure 3 , the mutant L subunits containing G150P or G166P were not detected. Thus the replacement of 
a cf. with WT 1.02 (100) Fig. 6 . Non-denaturing polyacrylamide gel electrophoretic and Western blot analysis of some glycines substituted by proline or alanine (see counterpart, Figure 3 ). Lane 1, G47A; 2, G47P; 3, G122A; 4, G122P; 5, G150A; 6, G150P; 7, G166A; 8, G166P; 9, G196A; 10, G196P; 11, wt; 12, purified rubisco.
G by P resulted in failure to detect L subunits for two of five substitutions in loops 6 and 7 ( Figure 3 ) and for two of five other mutants (Figure 4) . In all substitutions of G by A, L subunits were detected.
In probes for assembly of L 8 S 8 protein after substitutions of in-loop glycines represented in Figure 3 , all L subunits detected ( Figure 3) were assembled into L 8 S 8 proteins as detected by Western blotting (Figure 5 ). In contrast, in the substitutions of other glycines with Ala or Pro, the following L-subunit mutants G122P, G150A and G196P showed no assembly and G122A showed reduced assembly into L 8 S 8 proteins (cf. Fig. 4 and 6) .
In more comprehensive studies summarized in Table II of   463 24 mutations in which 12 conserved glycines in loops that are C-terminal to β-sheets had been substituted with Ala or Pro, detectable L-subunits of rubisco could be found in 21 and of these only the following failed to assemble: G273A and G273P in loop 4 and G308A and G308P in loop 5. Both of these glycyl residues are at the interface between C-terminal domains of two L subunits in the L 2 dimer. On the other hand, changes at G179, 381 and 408 permitted assembly and these residues are at the interface between the C-terminal domain of one L subunit and the N-terminal domain of the second subunit in the L 2 dimer. In this connection, G179 in L subunit D may also H-bond to S subunit S1 (Knight et al., 1990) . One substitution of G by P, G179P, in C-terminal loop 1 had almost no RuBP carboxylase activity; in the remainder of such substitutions in C-terminal loops there was no activity in assembled L 8 S 8 protein representing the following: G333P and G337P in loop 6, and G403P, G404P, G405P and G408P in loop 8 (Table II) . In catalytically active mutants, five Ala variants, reflecting C-terminal loop substitutions, had carboxylase activity (Table II) : G179A in loop 1, G337A in loop 6, and G403A, G404A and G405A in loop 8. Thus in L subunits in which glycines in loops at the C-terminus of β-sheets had been substituted by Ala, five of 10 assembled mutants had carboxylase activity; only one of seven assembled mutants, in which glycines in loops had been substituted by Pro, had carboxylase activity, albeit extremely low. In the series G380A, G381A (loop 7), G403A and G404A (loop 8), G403A had considerable carboxylase activity and G380A and G381A had none (Table II) . This is of special significance because G380, G381, G403 and G404 may contribute to the binding of ribulose 1,5-bisphosphate oxygens by rubisco (Knight et al., 
a cf. with WT 1.85 (100).
1990
). In sharp contrast, results from similar substitutions in the R.rubrum enzyme (G370A, G393A and G394A, corresponding to G380A, G403A and G404A in the present study) showed that the substitution G393A was the most deleterious to carboxylase activity (Larimer et al., 1994) .
In additional comprehensive studies of 10 other glycines, summarized in Table III , only one mutant, in which substitution of G by P had occurred, was active (G47P) and it was the only one in this series that assembled. In contrast, four of 10 substitutions of G by A resulted in carboxylase activity in assembled enzymes (Table III) . Of five other substitutions of glycines by alanine, G166A and G196A variants had no activity but assembled, whereas G322A, G361A and G395A were inactive and, indeed, L subunits could not be detected. In this series (Table III) it is of interest that G166 is at the interface between L subunit B and S subunit S1 as is G196 (Knight et al., 1990) ; substitution by A at 166 or 196 resulted in enzyme assembly, albeit low, but substitution by P at position 196 resulted in non-assembly. These latter results again illustrate the difficulty in generalizing about the effect of substitution on enzyme assembly at glycine residues in subunit interfaces.
Discussion
Each L subunit in the L 8 S 8 form of rubisco has an [β/α] 8 barrel structure in a large C-terminal portion that comprises more than 2/3 of the sequence. Sixteen active site residues are contributed by this barrel and most of these by loops connecting the C-termini of β-sheet to α-helical segments (Knight et al., 1990) . Four other side chains, those of Glu60, Thr65, Trp66 and Asn123, contribute to the active site by the N-terminal 464 portion of an adjacent L subunit in spinach rubisco. In the L 8 S 8 enzyme, residues in the S subunit are out of contact with the active site (Knight et al., 1990; Newman and Gutteridge, 1993) . Thus the exact role of S subunits which are not found in all fully catalytically active rubisco species (Tabita and McFadden, 1974; Torres-Ruiz and McFadden, 1985) remains elusive. In light of these observations, and at our present level of understanding, the architecture of the active site of rubisco devolves to a consideration of the contribution of L subunit residue side chains.
In the present investigation, we were struck by the occurrence of 12 of 22 completely conserved glycines in six of eight Cterminal loops connecting β-strands with α-helices in the [β/α] 8 barrel constituting less than 13% of the residues in the L subunit. This raised a question as to why conserved glycines are preponderant in these loops. Four more completely conserved glycines are in N-terminal loops at positions 196, 322, 361 and 395, which connect α-helices with β-strands at the opposite end of the barrel in the [β/α] 8 domain. It has been noted that the N-terminal loops are involved in subunit interactions in the L 8 S 8 complex and therefore in assembly of the complex, whereas a majority of residues involved in catalysis and substrate binding are in C-terminal loops (Knight et al., 1990) . The present results are consistent with this role of solvent exposed N-terminal loops (Brändén and Tooze, 1991) if it is assumed that failure to detect L subunits in six of eight mutants (Table III) reflects degradation of these subunits upon failure to assemble.
Of special significance, the present results also show that the substitution of completely conserved glycines with alanine or proline in loops at the C-terminal end of β-strands in the β/α barrel domain of rubisco has little effect upon detection or assembly of subunits of rubisco (Table II) . Thus the hypothesized predominantly non-structural role of these loops is verified. The functional role of these loops is indicated by the fact that all substitutions are deleterious to carboxylase activity but especially those of glycine with proline (Table II) . The capping of the active site by loop six upon activation and binding of the inhibitor CABP is well documented . Thus it is not surprising that substitution in this loop at glycines 329, 333 or 337 by proline, which presumably imparts rigidity to this loop, is highly deleterious. Perhaps gly329 and 337, especially, serve as hinges in loop 6 in capping the active site upon activation of and CABP binding by rubisco. It remains to be seen whether similarly deleterious substitutions in other glycine-containing loops, especially loop 8 which also contains conserved glycines at or near the beginning and end of the loop, implies mobility of these loops during catalysis and/or substrate binding by rubisco. In some enzymes including the β/α barrel protein, triosephosphate isomerase (Joseph et al., 1990) , the substrate-binding loop may also serve as an active-site lid (see, for example, Gerstein and Chothia, 1991) .
It has been proposed that in all enzymes having a β/α barrel motif, the active sites are contributed primarily by the eight loops that connect the C-terminal end of each β-strand with the N-terminal end of each α-helix. These enzymes have a common stable scaffold of eight parallel β strands surrounded by eight α-helices. The specificity and activity of these enzymes is largely determined by the eight C-terminal loops which do not contribute to the stability of the scaffold. These elements of structure, along with the present data, provide exellent examples of the physical separation of those residues that contribute to the stability of the domain, e.g., N-terminal loops, β-strands and α-helices, from those that are responsible for specific function, i.e., loops at the C-terminus of β-strands (Brändén and Tooze, 1991) .
The results herein raise a more general question about the function of completely conserved glycine residues in proteins. Perhaps in some cases they serve as hinges enabling the function of neighboring structural elements. The presently described strategy of their substitution by alanine or proline may help to elucidate the rather common finding of conserved glycine residues in nature.
